ABSTRACT Summary: PCOAT (Positional COrrelation Analysis Tool) is a program to perform positional correlation analysis for protein multiple sequence alignment in order to identify structurally or functionally important interactions between positions in a protein family. We implement different statistical methods to detect highly correlated position pairs, amino acid pairs, individual positions and networks of correlated positions, and utilize multiple sequence weighting and sampling methods to eliminate background correlations caused by phylogeny and stochastic events. Our program runs relatively fast and is suitable for analyzing alignments containing large number of sequences. Availability: ftp://iole.swmed.edu/pub/PCOAT/ Contact: grishin@chop.swmed.edu Supplementary information: The PCOAT ftp site contains a detailed description of the program, and the results of PCOAT analysis on C2H2 alignment and ACT domain alignment.
Positional correlation or covariation refers to the phenomenon where mutations at one position of a protein influence the mutations at other positions of the protein during evolution. Correlation between positions may arise for structural or functional reasons, such as stabilizing local contact (Mateu and Fersht, 1999) or affecting protein functions through networks of interactions (Suel et al., 2003) . Different methods have been developed to detect and evaluate positional correlations in a multiple sequence alignment, including approaches based on mutual information (Crowder et al., 2001) , χ 2 -test (Larson et al., 2000) and correlation coefficient (Saraf et al., 2003) . Each method has its advantages and limitations (Pollock and Taylor, 1997) . In addition, distinguishing structurally or functionally important correlations from background correlations caused by phylogeny or stochastic events remains difficult (Atchley et al., 2000) . Aiming at these problems, we develop a program PCOAT (Positional COrrelation Analysis Tool) that performs positional correlation analysis comprehensively and systematically. We implement different statistical significance estimation methods to identify correlated position * To whom correspondence should be addressed. pairs, amino acid pairs and networks of correlated positions in an input alignment, and utilize multiple sequence weighting and sampling methods to eliminate the background correlations. Our program should be useful and convenient for researchers to identify candidate residues for structurally or functionally important interactions in their protein families.
For an input multiple sequence alignment, PCOAT performs the positional correlation analysis in four steps. First, the effective count of every amino acid pair at each position pair is estimated. Second, correlation scores of every position pair and amino acid pair are determined with corresponding statistical significances and the pairs that are significantly correlated are identified. Next, individual positions that are highly correlated with multiple positions are detected, and an optional fourth step identifies the networks of highly correlated positions.
Estimation of effective counts. In order to eliminate background correlations and to correct redundant sequences in the input alignment, we implemented three weighting methods to estimate the effective count of every amino acid pair at each position pair: unweighted count, Henikoff weighting (HW) count (Henikoff and Henikoff, 1994) and altered position-specific independent count (PSIC) (Pei and Grishin, 2001; Sunyaev et al., 1999) . Both HW and PSIC methods have been modified to calculate the weight for a position pair instead of for a single position. The estimated effective counts are stored in contingency tables. Invariant positions and gapped positions are removed to eliminate potential false positives.
Identification of correlated position pairs and amino acid pairs. To identify significantly correlated position pairs and amino acid pairs, we implement two statistical tests: Pearson's χ 2 -test of independence and likelihood ratio test. Both tests have been proved to be useful for positional correlation analysis (Crowder et al., 2001; Larson et al., 2000) . Our null hypothesis is that the amino acid substitutions at any two positions are independent of each other. Based on this hypothesis, we have f for amino acid pair p and q, where n ab ij is the observed effective count of amino acid pair a and b at position pair i and j , and a and b take the value of residue type p and p (all residue types but p), and q and q (all residue types but q), respectively. X 2 is utilized to measure the fit between the observed counts and the expected counts, and obeys the χ 2 -distribution when the null hypothesis (no correlation) is true. We calculate the χ 2 -probability of X 2 for amino acid pairs, and the Z-score of X 2 for position pairs. The mean and SD parameters of a random X 2 distribution that are required to calculate the Z-scores can be the theoretical mean and SD of the χ 2 -distribution, or can be obtained from sampling the alignment by vertical shuffling. Calculating Z-scores using parameters obtained by sampling helps to eliminate amino acid composition bias, and thus increases the prediction accuracy.
Likelihood ratio statistic G 2 is calculated as for amino acid pair p and q. G 2 also follows the χ 2 -distribution under the null hypothesis. We calculate χ 2 -probabilities of G 2 for amino acid pairs and Z-scores of G 2 for position pairs the same way as for X 2 . Identification of highly correlated positions. To identify individual positions that are highly correlated with other positions in the input alignment, we calculate the X 2 and G 2 of each position i as
based on the addition theorem of χ 2 -distribution, where N is the total number of positions in the alignment. The Z-scores of X 2 i and G 2 i of each position are calculated and ranked by their statistical significance.
Identification of networks of correlated positions.
To identify potential networks of correlated positions, we implement two clustering methods. Groups of intercorrelated positions can be detected by single-linkage or complete-linkage clustering when the degrees of correlations between them are higher than a user-definable significance threshold.
Comparison to other correlation analysis programs, DEPENDENCY (Tillier and Lui, 2003) and CRASP (Afonnikov et al., 2001) , shows that PCOAT is the only correlation analysis program that identifies correlated position pairs as well as correlated amino acid pairs, highly correlated positions and networks of correlated positions. In addition, PCOAT runs faster (1.5-5 times depending on the family size) and is capable of analyzing alignments with large number of sequences (more than 10 000), while other programs are not. We have applied PCOAT to a number of Pfam (Bateman et al., 2004) alignments. Analysis of the C2H2 zinc finger family alignment (28 239 sequences, April 2004) using PCOAT identified positions 52 and 57 as the most correlated position pair, and residues Arg-52 and Asp-57 at these two positions as the most correlated amino acid pair (Fig. 1a) . It has been shown that positions 52 and 57 are important substrate specificity determinants for zinc finger binding to dsDNA (Iuchi, 2001 ). Arg-52 and Asp-57, binding to G and C or A of the substrate, respectively, are the dominant amino acids at positions 52 and 57 in the triple-C2H2 class of zinc finger proteins (Iuchi, 2001 ). Both DEPENDENCY (Tillier and Lui, 2003) and CRASP (Afonnikov et al., 2001) cannot analyze this C2H2 alignment because of the large number of sequences. Working on a reduced-size (10 000) C2H2 alignment, DEPENDENCY detected positions 52 and 57 as one of the four significantly correlated position pairs but took 4.75 times the running time of PCOAT. Analysis of the ACT domain alignment (1380 sequences, April 2004) using PCOAT identified a network of nine correlated positions forming a surface patch on the β-strands of the domain (Fig. 1b) . Structure analysis of the phenylalanine hydroxylase shows that the ACT domain interacts with the catalytic domain through the β-strands (Kobe et al., 1999) . The correlation network identified by PCOAT possibly plays a role in this interaction.
